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A B S T R A C T
In t h e  p a s t  s e v e r a l  y e a r s  t h e r e  h a s  b e e n  a c o n s i d e r a b l e  
a m o u n t  of r e s e a r c h  e f f o r t  d e v o t e d  to d e v e l o p i n g  m o d e l s  of 
i n d i v i d u a l  r e s o u r c e  c o n s u m p t i o n  d u r i n g  t h e  s o f t w a r e  
d e v e l o p m e n t  p r o c e s s .  S i n c e  m a n y  c o n d i t i o n s  a f f e c t  
i n d i v i d u a l  r e s o u r c e  c o n s u m p t i o n  d u r i n g  t h e  s o f t w a r e  
d e v e l o p m e n t  p r o c e s s ,  i n c l u d i n g  s e v e r a l  w h i c h  a r e  d i f f i c u l t  
if n o t  i m p o s s i b l e  to q u a n t i f y ,  it is o u r  c o n t e n t i o n  t h a t  a 
s t o c h a s t i c  m o d e l  is m o r e  a p p r o p r i a t e  t h a n  a d e t e r m i n i s t i c  
m o d e l .
In o r d e r  to t e s t  o u r  h y p o t h e s i s  we c o n d u c t e d  an 
e x p e r i m e n t  b a s e d  u p o n  s e v e r a l  s t u d e n t  p r o g r a m m i n g  
a s s i g n m e n t s .  D a t a  f r o m  t h i s  e x p e r i m e n t  is u s e d  to 
d e m o n s t r a t e  t h a t  t h e  two p a r a m e t e r  L o g - N o r m a l  d i s t r i b u t i o n  
is a p p r o p r i a t e  f o r  d e s c r i b i n g  t h e  p r o b a b i l i s t i c  b e h a v i o r  of 
t h e  r a n d o m  v a r i a b l e  ' r e s o u r c e  c o n s u m p t i o n ' . In a d d i t i o n  we  
p r e s e n t  a t h e o r e t i c  a r g u m e n t  f o r  th e  a p p l i c a b i l i t y  of t h e  
L o g - N o r m a l  d i s t r i b u t i o n  b a s e d  on t h e  c o n c e p t  of a 
p r o p o r t i o n a l  e f f e c t s  m o d e l  for t h e  g r o w t h  of a p r o g r a m .
T A B L E  OF C O N T E N T S
A B S T R A C T
T A B L E  OF C O N T E N T S  
S E C T I O N S :
I - I n t r o d u c t i  o n .
II - D e s c r i p t i o n  of the E x p e r i m e n t .
III - J u s t  ifi cati on f o r t h e  S t o c h a s t i c  M o d e l .
c 1 D e t e r m i  nati on 
D i s t r i b u t i o n .
o f t h e  R e s o u r c e  C o n s u m p t i o n
V - R a t i o n a l e  for t h e L o g - N o r m a l  Di stri buti o n .
VI - C o n c l u s i  ons.
R E F E R E N C E S
A P P E N D I X  A - P . D . F . ’ s, 
E s t i m a t i o n  T e c h n i q u e s
C . 
for
D . F . ’ s a n d  P a r a m e t e r  P o i n t  
t h e  P o s t u l a t e d  D i s t r i b u t i o n s .
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I - I N T R O D U C T I O N .
T h e r e  is a c o n s e n s u s  a m o n g  s o f t w a r e  e n g i n e e r s  [ 5 ] , [ 1 1 ] , 
[ 1 2 ] t h a t  one of the m o r e  i m p o r t a n t  a s p e c t s  of s o f t w a r e  
d e v e l o p m e n t  m a n a g e m e n t  is t h e  p r e d i c t i o n  of r e s o u r c e  
c o n s u m p t i o n  d u r i n g  the s o f t w a r e  d e v e l o p m e n t  p r o c e s s .  G i v e n  
t h i s  i m p e t u s  t h e r e  has b e e n  a m a r k e d  i n c r e a s e  in r e s e a r c h  
e f f o r t s  d u r i n g  t h e  p a s t  s e v e r a l  y e a r s  t o w a r d s  d e v e l o p i n g  
a c c u r a t e  p r e d i c t i v e  m o d e l s  of i n d i v i d u a l  r e s o u r c e  
c o n s u m p t i o n  w i t h  o n l y  m o d e r a t e  d e g r e e s  of s u c c e s s .  A l m o s t  
w i t h o u t  e x c e p t i o n  t h e s e  e f f o r t s  h a v e  u s e d  d e t e r m i n i s t i c  
m o d e l s  of th e  s o f t w a r e  d e v e l o p m e n t  p r o c e s s .  We b e l i e v e  t h e  
u n d e r l y i n g  n a t u r e  of s o f t w a r e  d e v e l o p m e n t  is i n h e r e n t l y  
s t o c h a s t i c .  The s u c c e s s  of a s u c h  a s t o c h a s t i c  p r e d i c t i v e  
m o d e l  of s o f t w a r e  d e v e l o p m e n t  w i l l  d e p e n d  on two f a c t o r s :  
( l) the a d e q u a c y  of the d i s t r i b u t i o n  c h o s e n  to e x p l a i n  th e  
p r o b a b i l i s t i c  b e h a v i o r  of the p r o c e s s ;  a n d  ( 2) the a b i l i t y  
of t h e  m o d e l  to d e t e r m i n e  the p a r a m e t e r s  of t h e  d i s t r i b u t i o n  
f o r  a p a r t i c u l a r  d e v e l o p m e n t .  O n l y  t h e  f i r s t  of t h e s e  two 
c r i t e r i a  w i l l  be a d d r e s s e d  in t h i s  p a p e r .
S i n c e
r e s u l t s ,
s o f t w a r e
A l t h o u g h
we w a n t  to d e v e l o p  p r e c i s e  r a t h e r  t h a n  q u a l i t a t i v e  
we h a v e  c o n c e n t r a t e d  on a s i n g l e  p h a s e  of th e  
d e v e l o p m e n t  p r o c e s s ,  q.e. t h e  P r o g r a m m i n g  P h a s e ,  
h i s t o r i c a l l y  t h i s  p h a s e  h a s  o n l y  a c c o u n t e d  fo r
a p p r o x i m a t e 1y 10 to 20 p e r c e n t  of the t o t a l  r e s o u r c e s
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c o n s u m e d  d u r i n g  a s o f t w a r e  d e v e l o p m e n t  p r o c e s s ,  it is a 
n a t u r a l  s t a r t i n g  p o i n t  s i n c e  it is o n e  of t h e  m o s t  
m e c h a n i c a l  a n d  t h e r e f o r e  m e a s u r a b l e  p h a s e s  of the p r o c e s s .  
G i v e n  th e  s o m e w h a t  l o o s e  u s e  of t e r m i n o l o g y  w i t h i n  t h e  
s o f t w a r e  e n g i n e e r i n g  d i s c i p l i n e  we s t a t e  h e r e  o u r  w o r k i n g  
d e f i n i t i o n  of t h e  ’p r o g r a m m i n g  p h a s e ’ to a v o i d  c o n f u s i o n .
T h e  P R O G R A M M I N G  P H A S E  of a s o f t w a r e  
d e v e l o p m e n t  p r o c e s s  is i d e n t i f i e d  as t h a t  t a s k  
w h i c h :  1) h a s  as i t ’ s i n p u t s  a c o m p l e t e  
d e s c r i p t i o n  of th e  d e v e l o p i n g  p r o g r a m ’ s i n p u t s ,  
o u t p u t s  a n d  the f u n c t i o n a l  d e p e n d e n c i e s  of t h e  
o u t p u t  on t h e  i n p u t ;  a n d  2) p r o d u c e s  a c o r r e c t  
p r o g r a m  in a m a c h i n e  r e a d a b l e  l a n g u a g e .
T h e  i m m e d i a t e  g o a l  of our i n v e s t i g a t i o n  w a s  to d e t e r m i n e  
t h e  p r o b a b i 1 i s t i c  b e h a v i o r ,  as r e a l i z e d  by a p r o b a b i l i t y  
d i s t r i b u t i o n ,  of v a r i o u s  r e s o u r c e  c o n s u m p t i o n  q u a n t i t i e s  
d u r i n g  t h e  p r o g r a m m i n g  p h a s e  of s o f t w a r e  d e v e l o p m e n t .  Ou r  
a p p r o a c h  w a s  to d e v i s e  an e x p e r i m e n t  w h i c h  w o u l d  a l l o w  
a c c u r a t e  m e a s u r e m e n t s  of all the r e l e v a n t  c o n d i t i o n s  a n d  
o u t c o m e s ;  see S e c t i o n  II. F r o m  the c o l l e c t e d  d a t a  e v i d e n c e  
is s h o w n  in S e c t i o n  III to j u s t i f y  our p r e m i s e  t h a t  a 
s t o c h a s t i c  m o d e l  is n e e d e d .  F r o m  th e  r e s u l t a n t  e x p e r i m e n t a l  
d a t a  we t h e n  t e s t e d  t h e  g o o d n e s s - o f - f i  t of v a r i o u s  
p o s t u l a t e d  t h e o r e t i c  d i s t r i b u t i o n s  as d e s c r i b e d  in S e c t i o n  
IV. E q u a l l y  i m p o r t a n t  to us w a s  the d e r i v a t i o n  of a 
t h e o r e t i c  r a t i o n a l e  for t h e  e m p i r i c a l  r e s u l t s ;  t h i s  is 
p r e s e n t e d  in S e c t i o n  V. In S e c t i o n  VI ou r  r e s u l t s  a r e
s u m m a r i z e d  a n d  f o l l o w - u p  r e s e a r c h  is o u t l i n e d
1 1 D E S C R I P T I O N  OF THE E X P E R I M E N T .
S i x t y  s t u d e n t s  in two s e c t i o n s  ( s a m e  i n s t r u c t o r )  of a 
c o l l e g e  s o p h o m o r e  - l e v e l  c l a s s  on P L / I  w e r e  g i v e n  six 
w r i t t e n  p r o g r a m m i n g  a s s i g n m e n t s .  T h e s e  s t u d e n t s  h a d  t a k e n  
two p r e v i o u s  c o m p u t e r  s c i e n c e  c o u r s e s  u s i n g  F o r t r a n  a n d  one 
u s i n g  a s s e m b l y  l a n g u a g e .  T h e  a s s i g n m e n t s ,  w h i c h  w e r e  
r e l a t i v e l y  s i m p l e ,  c o n t a i n e d  a c o m p l e t e  d e s c r i p t i o n  of the
p r o g r a m ’s i n p u t s  an d  o u t p u t s  as w e l l  as t h e  f u n c t i o n a l
d e p e n d e n c i e s  of t h e  o u t p u t  on the inpu t .  T h e  r e s o u r c e s  
w h i c h  t h e  s t u d e n t s  c o n s u m e d  w e r e  c o l l e c t e d  vi a  two 
m e c h a n i s m s .  D u r i n g  th e  s t u d e n t s ’ a t t e m p t s  to s o l v e  the 
a s s i g n m e n t s  c e r t a i n  d a t a  w e r e  a u t o m a t i c a l l y  c o l l e c t e d  by the 
c o m p u t e r ’s a c c o u n t i n g  s y s t e m .  W h e n  p r o c e s s e d  t h i s  d a t a  
y i e l d e d  t h r e e  r e s o u r c e  u s a g e  m e t e r s :
• # R U N S - T h e  t o t a l  n u m b e r  of c o m p u t e r  r u n s  m a d e .
• C P U - T I M E  - The t o t a l  c p u  t ime, as m e a s u r e d  in
s e c o n d s ,  u s e d  to d e v e l o p  the p r o g r a m .
• C P U - C O S T  - The t o t a l  cpu c h a r g e s ,  as m e a s u r e d  in
d o l l a r s ,  i n c u r r e d  d u r i n g  the a s s i g n m e n t .
In a d d i t i o n ,  a f t e r  t h e  a s s i g n m e n t  w a s  f i n i s h e d  the
s t u d e n t s  c o m p l e t e d  a q u e s t i o n n a i r e  on e a c h  a s s i g n m e n t  f r o m  
w h i c h  the f o l l o w i n g  r e s o u r c e  u s a g e  m e t e r  w a s  e x t r a c t e d .
• # H 0 U R S  - T h e  t o t a l  n u m b e r  of h o u r s  of e x p e n d e d
e f f o r t  .
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I n f o r m a t i o n  on the i n d i v i d u a l  c h a r a c t e r i s t i c s  of the 
s t u d e n t s  w a s  c o l l e c t e d  at th e  b e g i n n i n g  of the c o u r s e  
t h r o u g h  a w r i t t e n  s u r v e y .  T a b l e s  I, II a n d  III p r e s e n t  s o m e  
s i m p l e  u n i v a r i a t e  d e s c r i p t i v e  s t a t i s t i c s  of th e  d a t a  
c o l l e c t e d  f r o m  th e  e x p e r i m e n t .  T h e  n u m b e r  of PL/I
s t a t e m e n t s  in the r e s u l t a n t  p r o g r a m s  a r e  s u m m a r i z e d  in T a b l e  
IV to g i v e  s o m e  idea of t h e  s i z e  of e a c h  a s s i g n m e n t .
6
R E S O U R C E P R O G R A M S A M P L E  S T A T I S T I C S
M E T E R S IDS S I Z E M E A N S T D  DEV
# H 0 U R S TRI 5 6 / 5 3 8 . 0 /  7.1 7 . 2 /  5.7
RKT 5 0 / 4 6 1 3 . 7 / 1 4 . 0 8 . 4 /  8.3
INS 4 2 / 3 5 1 8 . 6 / 1 9 . 0 1 7 . 7 / 1 9 . 1
SRT 4 4 / 4 2 1 0 . 8 / 1 1 . 1 1 0 . 0 / 1 0 . 2
MS T 3 7 / 3 4 16 .3/16 . 5 1 5 . 2 / 1 5 . 9
MM L 4 0/32 2 1 . 6 / 2 2 . 3 1 9 . 0 / 2 1 . 0
# R U N S TRI 5 9 / 5 6 1 3 . 9 / 1 3 . 7 7 . 4 /  7.4
RKT 5 3 / 4 8 2 0 . 9/21 . 3 1 6 . 9 / 1 7 . 5
INS 5 3/4 1 2 9 . 4 / 2 8 . 7 21 .5/2 0 .5
SRT 5 2 / 4 8 2 1 . 1 / 2 1 . 6 1 8 . 1 / 1 8 . 4
M S T 4 8 / 4 0 2 4 . 5 / 2 5  . 2 1 7 . 5 / 1 8 . 2
MM  L 4 8 / 3 7 2 8 . 0 / 2 6 . 6 2 1 . 0 / 1 5 . 8
C P U - T I M E TRI 5 9/56 3 . 6 /  3.5 1 . 9 /  1.8
RKT 5 3 / 4 8 8 . 4 /  8.4 6 . 7 /  6.7
INS 5 3 / 4 1 1 3 . 5 / 1 3 . 6 1 3 . 3 / 1 3 . 8
SRT 5 2 / 4 8 1 3 . 0 / 1 3 . 6 1 3 . 2 / 1 3 . 4
M S T 4 8 / 4  0 2 2 . 4 / 2 3 . 5 2 2 . 4 / 2 3 . 9
MM L 4 8 / 3 7 2 1 . 3 / 2  0 .3 1 9 . 5 / 1 2 . 8
C P U - C O S T TRI 5 9/56 0 . 7 /  0.6 0 . 4 /  0.4
R K T 5 3 / 4 8 1 . 9 /  2.0 1 . 8 /  1.8
INS 5 3 / 4 1 3 . 0 /  3.0 2 . 5 /  2.5
SRT 5 2 / 4 8 1 . 4 /  1.5 1 . 2 /  1.2
M S T 4 8 / 4  0 2 . 7 /  2.8 2 . 7 /  2.9
MM L 4 8 / 3 7 3 . 7 /  3.8 3 . 0 /  2.9
T A B L E  I - D e s c r i p t i v e  S t a t i s t i c s  of t h e  R e s o u r c e  U s a g e  D a t a :  
W h e r e  two v a l u e s  a r e  g i v e n  the f i r s t  v a l u e  c o r r e s p o n d s  
to t h e  s t a t i s t i c  for all s t u d e n t s  who a t t e m p t e d  the 
a s s i g n m e n t ,  t h e  s e c o n d  a p p l i e s  to o n l y  t h o s e  s t u d e n t s  




SAMP L E STATISTICS
SIZE MEAN MEDIAN STD DEV
EDL EVEL 6 0 67.7 6 3 29.9
EDLOAD 6 0 1 A .9 15 2.86
EMPLOAD 6 0 A . 17 0 10.5
CAMPEXP 6 0 3.82 3 3 . 26
DEPTEXP 6 0 3.57 3 2.5 A
WORKEXP 6 0 2 1.0 11 28 . 1
DPEXP 6 0 A .27 0 7 . 6 A
CGPA 59 2.95 2 . 9 0 . 6
AGE 6 0 22 . A 21.1 3.75
( A )
I N D I V I D U A L
C H A R A C T E R I S T I C
D I S T R I B U T I O N  OF R E S P 0 N $ E S ( % )
V E R Y
H I G H H I G H G O O D F A I R LOW N O N E
I N T E R E S T A 5.8 AO . 7 8 . 5 3 . A 0 . 0 1 . 7
A B I L I T Y 3 . A 3 3 . 9 A 9 . 2 13.6 0 . 0 0 . 0
E N J O Y M E N T 22 . 0 A A . 1 2 0 . 3 13.6 0 . 0 0 . 0
( B )
T A B L E  II - D e s c r i p t i v e  S t a t i s t i c s  of t h e  I n d i v i d u a l  
C h a r a c t e r i  sti c D a t a :  S e e  T a b l e  III for d e f i n i t i o n s  of
I n d i v i d u a l  C h a r a c t e r i  s t i e s .
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G L O S S A R Y  OF I N D I V I D U A L  C H A R A C T E R I S T I C S
EDL EVEL The n u m b e r  of c o l l e g e  c r e d i t  h o u r s  
c o m p l e t e d  p r i o r  to the c o u r s e .
EDL 0 AD The n u m b e r  of c r e d i t  h o u r s  the s t u d e n t  w a s  
t a k i n g  s i m u l t a n e o u s l y  w i t h  the P L / I  c o u r s e .
E M P L O A D The n u m b e r  of h o u r s  per w e e k  t hat a s t u d e n t  
w o r k s  at a job.
C A M P  EXP The n u m b e r  of s e m e s t e r s  c o m p l e t e d  at th e  
c a m p u s .
D E P T E X P The n u m b e r  of CSC c o u r s e s  t a k e n  at the 
c a m p u s .
W O R K E X P The n u m b e r  of f u l l - t i m e  m o n t h s  , or 
e q u i v a l e n t  for p a r t - t i m e ,  w o r k e d  at any job 
s i n c e  g r a d u a t i n g  f r o m  h i g h  s c h o o l .
DP EXP S a m e  as W O R K E X P  e x c e p t  f o r  DP r e l a t e d  j o b s  
only.
C G P A C u m u l a t i v e  G r a d e  P o i n t  A v e r a g e .
A G E S t u d e n t ’ s a g e  in y e a r s  at b e g i n n i n g  of the 
c o u r s e .
I N T E R E S T The s t u d e n t ’ s r a t i n g  of his i n t e r e s t  in 
C o m p u t e r  S c i e n c e .
A B I L I T Y The s t u d e n t ’ s r a t i n g  of his a b i l i t y  as a 
p r o g r a m m e r .
E N J O Y M E N T The s t u d e n t ’ s r a t i n g  of his e n j o y m e n t  of 
p r o g r a m m i  ng .
T A B L E  III D e f i n i t i o n  of I n d i v i d u a l  C h a r a c t e r i s t i c s .
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P R O G R A M M E A N STD DEV L 0 ME D H I
TRI 22 8 . 0 1 4 20 7 1
RKT 68 15.5 4 9 66 134
INS 7 3 16.5 51 7 0 127
SRT 47 10.8 34 45 96
M S T 85 15.1 6 1 82 125
MM L 116 2 4 . 9 73 112 18 1
T A B L E  IV - D e s c r i p t i v e  S t a t i s t i c s  of the N u m b e r  of 
S t a t e m e n t s  P r o g r a m  S i z e  M e t e r :  i n c l u d e s  all t y p e s  of
P L / I  s t a t e m e n t s .
1 11 J U S T I F I C A T I O N  FOR THE S T O C H A S T I C  M O D E L .
If we a s s u m e  for the m o m e n t  t h a t  t h e r e  e x i s t s  a
d e t e r m i n i s t i c  m o d e l  of i n d i v i d u a l  r e s o u r c e  c o n s u m p t i o n  
d u r i n g  th e  p r o g r a m m i n g  p h a s e  then t h e r e  m u s t  e x i s t  a
f u n c t i o n  g x s u c h  that:
R x 9 x ^ 1  > ̂  2 , . . . > Z. ) 
w h e r e :
• R x is the a m o u n t  of r e s o u r c e  X c o n s u m e d  by a s p e c i f i c
i n d i v i d u a l  on a s p e c i f i c  p r o g r a m m i n g  a s s i g n m e n t .
• Z i , Z 2 , . . . , Z n a r e  m e t e r s  of all the r e l e v a n t  s o u r c e s
of v a r i a t i o n  in the p r o g r a m m i n g  p r o c e s s ,  e.g.
p r o g r a m m e r ,  p r o g r a m  a s s i g n m e n t ,  e n v i r o n m e n t ,  e tc..
In the e x p e r i m e n t  d e s c r i b e d  in the p r e v i o u s  s e c t i o n  t h e r e  
a r e  o n l y  t h r e e  p o t e n t i a l  s o u r c e s  of v a r i a t i o n :  the
p r o g r a m m i n g  a s s i g n m e n t ,  the p r o g r a m m e r ,  and the s e q u e n c e  of 
a s s i g n m e n t s .  We m i g h t  t h e n  h y p o t h e s i z e  t h a t  t h e r e  m u s t
e x i s t  a f u n c t i o n  g x s u c h  that:
R x /,*j = g x C I 7* , P j , 5 j )  [EQll
w h e r e :
• R X / 7 J
i n d i v i
is the a m o u n t  of r e s o u r c e  X 
d u a l  i on p r o g r a m m i n g  a s s i g n m e n t
c o n s u m e d
j -
by
• I 7- is s o m e  set of c h a r a c t e r i s t i c  m e a s u r e m e n t s  for 
i n d i v i d u a l  i w h i c h  a c c o u n t  for the v a r i a t i o n  a m o n g  
i n d i v i d u a l s ' r e s o u r c e  u s a g e .
• P j is s o m e  set of c o m p l e x i  ty/si ze m e t r i c s  for
p r o g r a m m i n g  a s s i g n m e n t  j w h i c h  w i l l  a c c o u n t  f o r  the 
v a r i a t i o n  of r e s o u r c e  u s a g e  b e t w e e n  a s s i g n m e n t s .
• S j is the s e q u e n c e  of p r o g r a m m i n g  a s s i g n m e n t  j w h i c h
p o s s i b l y  c o u l d  a c c o u n t  for s o m e  a d d i t i o n a l
i n t e r - p r o g r a m  v a r i a t i o n .
C o n t r a s t e d t 0 the d e t e r m i n i  sti c m o d e l r e p r e s e n t e d by
e q u a t i o n  1 is a s t o c h a s t i c  m o d e l  in w h i c h we h y p o t h e s i ze
t ha t t h e r e  a r e s 0 m a n y u n m e a s u r a b l e condi t i o n s  a f f e c t i n g a n
i n d i v i d u a l ’ s r e s o u r c e  u s a g e  t h a t  we can not c o m p l e t e l y  
d e t e r m i n e  it. T h e r e f o r e  we s e t t l e  for d e s c r i b i n g  the 
p r o b a b i l i s t i c  b e h a v i o r  of the r e s o u r c e  c o n s u m p t i o n  in t e r m s  
of i t ’s p r o b a b i l i t y  d e n s i t y  ( p . d . f . )  or c u m u l a t i v e  
d i s t r i b u t i o n  f u n c t i o n s  ( c . d . f ) :
e.g. R x / J ~ & x  / J n ) [EQ2J
w h e r e :
• R x /j is a r a n d o m  v a r i a b l e  d e f i n e d  as th e  a m o u n t  of
r e s o u r c e  X c o n s u m e d  by a n y  i n d i v i d u a l  on p r o g r a m m i n g
a s s i g n m e n t  j.
• f is the p r o b a b i l i t y  d e n s i t y  f u n c t i o n  of r e s o u r c e
u s a g e .
• & x /J 1 > & x /J 2 9 . . . > 9 * / Jn a r G  p a r a m e t e r s  of the p . d . f .
for r e s o u r c e  X a n d  p r o g r a m m i n g  a s s i g n m e n t  j.
F u r t h e r m o r e  we  h y p o t h e s i z e  t h a t  the v a l u e s  of th e  
p a r a m e t e r s  a r e  p r e d i c t a b l e  f r o m  s o m e  m e a s u r e m e n t s  of all the 
n o n - i n d i v i d u a l  s o u r c e s  of v a r i a t i o n s .  In our e x p e r i m e n t  the
m a t h e m a t i c a l  m o d e l  for t h e  p a r a m e t e r s  w o u l d  be:
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Q* yJk = h . / ^ P ^ S i )  [ EQ3 3
i . e . t h e r e  e x i s t s  a f u n c t i o n  h for e a c h  p a r a m e t e r  of 
e a c h  r e s o u r c e  c o n s u m p t i o n  r a n d o m  v a r i a b l e  d i s t r i b u t i o n  w h i c h  
can be d e t e r m i n e d  f r o m  the g i v e n  a s s i g n m e n t  a n d  o r d e r .
To r e c a p ,  the d e t e r m i n i s t i c  m o d e l  of e q u a t i o n  1 a s s u m e s  
t h a t  we can m e a s u r e  all the r e l e v a n t  i n d i v i d u a l  
c h a r a c t e r i s t i c 5 w h i c h  w i l l  a l l o w  us to p r e d i c t  the a c t u a l  
r e s o u r c e  c o n s u m p t i o n  of t h a t  i n d i v i d u a l  on a p r o g r a m m i n g  
a s s i g n m e n t .  The s t o c h a s t i c  m o d e l  of e q u a t i o n s  2 a n d  3 
a s s u m e s  t h a t  t h e r e  is no p o s s i b i l i t y  of m e a s u r i n g  all the 
r e l e v a n t  i n d i v i d u a l  c h a r a c t e r i s t i c s  a n d  t h e r e f o r e  we m u s t  
b u i l d  our m o d e l  s u c h  t h a t  w h e n  g i v e n  all the r e l e v a n t  
a s s i g n m e n t  c h a r a c t e r i s t i c s  it will be a b l e  to d e s c r i b e  the 
p r o b a b i l i s t i c  b e h a v i o r  of the r e s o u r c e  c o n s u m p t i o n .  In the 
s t o c h a s t i c  m o d e l  we a r e  not a b l e  to p r e d i c t  i n d i v i d u a l  
r e s o u r c e  u s a g e  but we can p r e d i c t  s u c h  s t a t i s t i c s  as t h e  
e x p e c t e d  v a l u e s ,  c o n f i d e n c e  r a n g e s ,  e t c . .
To d e t e r m i n e  w h e t h e r  a d e t e r m i n i s t i c  m o d e l  is a p p r o p r i a t e  
we n e e d  to v e r i f y  w h e t h e r  or not t h e r e  e x i s t s  i n d i v i d u a l  
c h a r a c t e r i s t i c s  w h i c h  a c c o u n t  for the i n t e r - i n d i v i d u a l  
v a r i a t i o n  of r e s o u r c e  u s a g e .  If we a s s u m e  for th e  m o m e n t  
t h a t  a d e t e r m i n i s t i c  m o d e l  d o e s  e x i s t ,  we can p r o p o s e  the 
m o d e l :
^  x  / i J g (I 7 )
[ EQ4 3
w h e r e  :
^ x / 7 J ~ R x / j  ) l / c r ( R x / j )
• ^ x / ? j is the s t a n d a r d i z e d  a m o u n t  of r e s o u r c e  X
1 3
c o n s u m e d  by i n d i v i d u a l  i on p r o g r a m  j. 
w o r d s  e x / / j is the n u m b e r  of s t a n d a r d
In o t h e r  
devi ati ons
in t e r m s  of r e s o u r c e  X for i n d i v i d u a l  i 
3 .
on p r o g r a m
• fj ( R x / j ) is the m e a n  a m o u n t  of r e s o u r c e  
by all s t u d e n t s  on p r o g r a m  j.
X c o n s u m e d
• is th e  s t a n d a r d  d e v i a t i o n  of the 
c o n s u m p t i o n  on p r o g r a m  j.
r e s o u r c e  X
• g is a f u n c t i o n  w h i c h  w h e n  g i v e n  t h e  a p p r o p r i a t e  
i n d i v i d u a l  c h a r a c t e r i  sti c(s) w i l l  y i e l d  the 
i n d i v i d u a l ’s s t a n d a r d i z e d  a m o u n t  of r e s o u r c e  X on 
a s s i g n m e n t  j.
T h e  v a l i d i t y  of t h i s  m o d e l  d e p e n d s  on two a s s u m p t i o n s .  T h e  
f i r s t  is t h a t  an i n d i v i d u a l ’s s t a n d a r d i z e d  r e s o u r c e  u s a g e
is i n d e p e n d e n t  of t h e  p r o g r a m  m e t e r s ,  i.e. if an i n d i v i dua l
is p r o d u c t i v e  for l a r g e  p r o g r a m s  he w i l l  be for s m a l l  o n e s
a n d  v i c e  v e r s a .  The s e c o n d  a s s u m p t i o n  is t h a t e i t h e r  t h e
i n d i v i d u a l  c h a r a c t e r i s t i c s  do not c h a n g e  w i t h  time, or t h e y
c h a n g e  r e l a t i v e l y  u n i f o r m l y  for all i n d i v i d u a l s .
U s i n g  t h e  d a t a  t h a t  w a s  c o l l e c t e d  on i n d i v i dual
c h a r a c t e r i s t i c s ,  ( see S e c t i o n  II), a s e r i e s of l i n e a r
c o r r e l a t i o n  a n a l y s e s  w e r e  p e r f o r m e d  u s i n g  the m o d e l  in
e q u a t i o n  4 . The r e s u l t s  of t h e s e  c o r r e l a t i o n  a n a l y s e s  s h o w  
t h a t  n o n e  of the i n d i v i d u a l  c h a r a c t e r i  st i cs m e a s u r e d  in t h i s  
e x p e r i m e n t  a c c o u n t  for m u c h  of the i n t e r - i ndi vi dua 1 
v a r i a t i o n  of r e s o u r c e  u s a g e ,  (se e  T a b l e  V). O t h e r
r e s e a r c h e r s i n c l u d i n g  C h r y s l e r  [23 h a v e  a l s o i n d i c a t e d
d i f f i c u l t y  in d e t e r m i n i n g  i n d i v i d u a l  c h a r a c t e r i 5 tic m e t e r s  
w h i c h  a r e  p r e d i c t i v e  of i n d i v i d u a l  r e s o u r c e  c o n s u m p t i o n .  
A l t h o u g h  it has b e e n  s h o w n  by D e N e l s k y  & M c K e e  [A] a n d  by 
M c N a m a r a  & H u g e s  [8] t hat c e r t a i n  p r o g r a m m e r ’s a p t i t u d e  
t e s t s  are m o d e r a t e l y  p r e d i c t i v e  of job p e r f o r m a n c e  as 
m e a s u r e d  by s u p e r v i s o r y  rati ngs > t h e r e  has b e e n  no e v i d e n c e  
t h a t  t h e s e  t e s t s  p r e d i c t  i n d i v i d u a l  r e s o u r c e  v a r i a t i o n s .
An a r g u m e n t  c o u l d  be m a d e  that the f a i l u r e  to f i n d  an 
a d e q u a t e  m e a s u r e  of i n d i v i d u a l  r e s o u r c e  v a r i a t i o n  d o e s  not 
i m p l y  t h a t  one d o e s  not e x ist. H o w e v e r  w h e n  a c a n o n i c a l  
r e g r e s s i o n  a n a l y s i s  is p e r f o r m e d  to d e t e r m i n e  the a b i l i t y  of 
th e  i n d i v i d u a l  c h a r a c t e r i s t i c s  as a g r o u p  to e x p l a i n  the 
inter—  i n d i v i d u a l  v a r i a t i o n  t h e y  a c c o u n t  for l i t t l e  of the
v a r i a t i o n ,  (see T a b l e  VI). In a d d i t i o n ,  if we e x a m i n e  the
r a n g e s 1 of t h e  s t a n d a r d i z e d  r e s o u r c e  c o n s u m p t i o n
a m o u n t s , ! , / , ' ; ,  of the d a t a  c o l l e c t e d  f r o m  our e x p e r i m e n t  
m o s t  i n d i v i d u a l s  v a r y  s i g n i f i c a n t l y  in t h e i r  s t a n d a r d i z e d  
r e s o u r c e  c o n s u m p t i o n ,  ( s e e  F i g u r e  1 a n d  T a b l e  VII).
In p r e v i o u s  r e s e a r c h  [9] the a u t h o r s  h a v e  s hown tha t  the 
p e r c e i v e d  c o m p l e x i t y  of a p r o g r a m m i n g  t a s k  is a h i g h l y
1 T h e  r a n g e  for an i n d i v i d u a l  is d e f i n e d  to be the a b s o l u t e  
d i f f e r e n c e  b e t w e e n  the m a x i m u m  an d  m i n i m u m  / 7 J ^ 0 r Q  ̂•
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s u b j e c t i v e  e n t i t y  a n d  t h u s  the d e t e r m i n i s t i c  p r e d i c t i o n  of 
i n d i v i d u a l  r e s o u r c e  c o n s u m p t i o n  d e p e n d s  upon u n d e r s t a n d i n g  
th e  p s y c h o l o g y  of the i n d i v i d u a l  - a f o r m i d a b l e ,  if not 
i m p o s s i b l e  task. All t h e s e  p o i n t s  w o u l d  s e e m  to w e i g h  
a g a i n s t  the p o s s i b i l i t y  of f i n d i n g  a set of i n d i v i d u a l  
c h a r a c t e r i s t i c s  a d e q u a t e  for the d e t e r m i n i s t i c  m o d e l .
It t h e r e f o r e  s e e m s  to us t h a t  t h e  a s s u m p t i o n  of a 
d e t e r m i n i s t i c  m o d e l  is not s u p p o r t a b l e .  In t h e  nex t  s e c t i o n  
we s h a l l  e x a m i n e  t h e  v a l i d i t y  of the s t o c h a s t i c  m o d e l .
I N D I V I D U A L
C H A R A C T E R I S T I C S
R E S O U R C E  U S A G E  M E T E R S
# H 0 U R S S R U N S C P U - T I M E C P U - C O S T
EDL EVEL .001 .000 .000 .000
E D L O A D .000 .000 .001 .007
E M P L O A D . 0 32 .000 .000 .000
C A M P E X P . 027 .007 .0 02 .002
D E P T E X P . 1 4 A .0 04 .000 .000
W O R K E X P .0 02 .013 .0 08 .011
D P E X P .0 02 .0 02 .003 .007
CGP A .0 78 .173 .108 .134
AG E .001 .0 04 .001 .003
I N T E R E S T .030 .001 .0 02 .012
A B I L I T Y .121 .003 .0 03 .003
E N J O Y .0 18 .0 17 . 024 .020
T A B L E  V - R e s u l t s  of the c o r r e l a t i o n  a n a l y s i s  of the 
i n d i v i d u a l  c h a r a c t e r i s t i c s  w i t h  the s t a n d a r d i z e d  
r e s o u r c e  u s a g e  v a r i a b l e s .  R e s u l t s  ar e  in t e r m s  of the 
c o e f f i c i e n t  of d e t e r m i n a t i o n (R 2 ).
R E S O U R C E
M E T E R R 2
# H O U R S . 256
# R U N S . 276
C P U - C O S T .247
C P U - T I M E . 185
T A B L E  VI - R e s u l t s  of the 
i n d i v i d u a l  c h a r a c t e r i s t i c s  
s t a n d a r d i z e d  r e s o u r c e  u s a g e  
t e r m s  of the c o e f f i c i e n t  of
c a n o n i c a l  c o r r e l a t i o n  
as a g r o u p  w i t h  
v a r i a b l e s .  R e s u l t s  are 





F I G U R E  1 - D e v i a t i o n  p l o t s  of the i n d i v i d u a l s ’ s t a n d a r d i z e d  
r e s o u r c e  c o n s u m p t i o n  v a r i a b l e s .
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STANDS U ? D I Z E D  # RUNS
R A N G E S FREQ % CUM F REQ %
0 . 0 0 - 0 . 25 0 . 0 0 . 0
0 . 25 - 0.50 8 . 5 8 . 5
0.50 - 1 . 0 0 25 . 4 3 3 . 9
1 . 0 0 - 2 . 0 0 16.9 5 0 . 8
2 . 0 0 - 3.00 27 . 1 78 . 0
3.00 - 4.00 18.6 96.6
4.00 - 5.00 1 . 7 98 . 3
5 . 0 0 - 6 . 0 0 1 . 7 1 0 0 . 0
6 . 0 0 - 7.00 0 . 0 1 0 0 . 0
( A )
STAND/^ R D I Z E D  # H O U R S
R A N G E S FREQ % CUM FREQ %
0.00 - 0 . 25 0 . 0 0 . 0
0 .25 - 0.50 13.6 13.6
0.50 - 1.00 37 . 3 5 0 . 9
1.00 - 2.00 2 8 . 8 7 9.7
2.00 - 3.00 6 . 8 8 6 . 4
3.00 - 4 .00 8.5 94.9
4 . 0 0 - 5 .00 3 . 4 98.3
5 . 0 0 - 6.00 0 . 0 98 . 3
6 . 0 0 - 7.0 0 1 . 7 10 0.0
C B )
T A B L E  VII - D i s t r i b u t i o n  of i n d i v i d u a l s ’ s t a n d a r d i z e d  
r e s o u r c e  u s a g e  r a n g e s .  P a r t  1 of 2 parts.
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STANDS\RDIZED CF5u - c o s t
RANGES FREQ % CUM FREQ %
0.00 - 0.25 1 . 7 1 . 7
0.25 - 0.50 5 . 1 6 . 8
0.50 - 1.00 30.5 37 . 3
1.00 - 2.00 27.1 6 4 . 4
2.00 - 3.00 18.6 8 3 . 1
5.00 - 4.00 3 . 4 86 . 4
4.00 - 5.00 8 . 5 94 . 9
5.00 - 6.00 5 . 1 1 0 0 . 0
6.00 — 7.00 0 . 0 10 0 . 0
( C )
STAND/^ R D I Z E D  CF’U - T I M E
R A N G E S FREQ % CUM FREQ %
0.00 - 0 . 25 0 . 0 0 . 0
0.25 - 0.50 5 . 1 5 . 1
0.50 - 1.00 25 . 4 3 0.5
1.00 - 2.00 22.0 5 2 . 5
2.00 - 3.00 3 0.5 8 3 . 1
3.00 - 4.00 10.2 93.2
4.00 - 5.00 0 . 0 93.2
5.00 - 6.00 5 . 1 98 . 3
6.00 - 7.00 1 . 7 10 0.0
( D )
T A B L E  VII c o n t i n u e d .
D E T E R M I N A T I O N  OF THE R E S O U R C E  C O N S U M P T I O N  D I S T R I B U T I O N .I V -
G i v e n  t h e  p r e m i s e  t h a t  the p r o g r a m m i n g  task of a s o f t w a r e  
d e v e l o p m e n t  p r o c e s s  is e s s e n t i a l l y  a s t o c h a s t i c  p r o c e s s ,  it 
b e c o m e s  n e c e s s a r y  to d e f i n e  the r e s o u r c e  c o n s u m p t i o n  
q u a n t i t i e s  as r a n d o m  v a r i a b l e s .  In the e x p e r i m e n t  d e s c r i b e d  
in t h e  p r e v i o u s  s e c t i o n  let the o b s e r v a b l e  o u t c o m e s  of 
i n t e r e s t  be d e s i g n a t e d  as R /, > R r > R t a n d  R c a n d  d e f i n e d  as 
t h e  r e s o u r c e  c o n s u m p t i o n  of a s u c c e s s f u l l y  c o m p l e t e d  
p r o g r a m m i n g  t a s k  as m e a s u r e d  in m a n - h o u r s ,  c o m p u t e r - r u n 5 , 
c p u " s e c o n d s , a n d  c p u - d o l l a r s  r e s p e c t i v e l y .  In the f o l l o w i n g  
d i s c u s s i o n  t h e  a b s t r a c t  r a n d o m  v a r i a b l e  R w i l l  be u s e d  to 
d e n o t e  a n y  of t h e s e  s p e c i f i c  r a n d o m  v a r i a b l e s .
S i n c e  t h e  d i s t i n g u i s h i n g  p r o p e r t y  of a r a n d o m  v a r i a b l e  is 
t h e  p r o b a b i l i t y  v a l u e  a s s o c i a t e d  w i t h  e a c h  e v e n t  of a 
m e a s u r e m e n t  of t h a t  r a n d o m  v a r i a b l e ,  the p r o b a b i l i s t i c  
b e h a v i o r  of the o u t c o m e s  can be c o m p l e t e l y  d e s c r i b e d  by 
i d e n t i f y i n g  t h e i r  p r o b a b i l i t y  d i s t r i b u t i o n s .
In o r d e r  to d e r i v e  a set of p o s t u l a t e d  t h e o r e t i c  
d i s t r i b u t i o n s  w h i c h  m i g h t  d e s c r i b e  t h e  e m p i r i c a l  d a t a  we
e x a m i n e d  t h e  hi stogram-s of R h R + > and R c * A 
r e p r e s e n t a t i v e  s a m p l e  of t h e s e  h i s t o g r a m s  is g i v e n  in F i g u r e  
2. It is r e a d i l y  a p p a r e n t  t h a t  the h i s t o g r a m s  ail d i s p l a y  a
g e n e r a l  u n i m o d a l s h a p e  and p o s i t i v e s k e w n e s s . F i v e
t h e o r e t i c  d i s t r i b u t i o n s  w e r e  s e l e c t e d  as p o s t u l a t e s  b a s e d  on
t h e i r  a b i l i t y  to a s s u m e  the d e s i r e d  s h a p e  a n d  s k e w n e s s .  
T h e s e  d i s t r i b u t i o n s  w e r e  the L o g - N o r m a l ,  Beta, G a m m a ,  
Wei b u l l  a n d  T y p e  I E x t r e m e  V a l u e  M a x i m a .  In a d d i t i o n  the 
N o r m a l  d i s t r i b u t i o n  was u s e d  for c o m p a r i s o n .  The e x a c t  
f o r m s  of t h e  d i s t r i b u t i o n s  s e l e c t e d  are s h o w n  in A p p e n d i x  A.
In o r d e r  to i n v e s t i g a t e  the a d e q u a c y  of the six 
p o s t u l a t e d  d i s t r i b u t i o n s  to e x p l a i n  t h e  e m p i r i c a l  
d i s t r i b u t i o n s  of the c o l l e c t e d  data, a s e r i e s  of C h i - S q u a r e  
g o o d n e s s - o f - f i t  t e s t s  w e r e  p e r f o r m e d .  The m e t h o d s  u s e d  to 
e s t i m a t e  t h e  p a r a m e t e r  v a l u e s  of the t h e o r e t i c  d i s t r i b u t i o n s  
f r o m  th e  s a m p l e  a r e  g i v e n  in A p p e n d i x  A. F i g u r e  3 d e p i c t s  
the six t h e o r e t i c  p . d . f . * s  o v e r l a i d  on a s a m p l e  r e s o u r c e  
h i s t o g r a m .  The r e s u l t s  of the C h i - S q u a r e  t e s t s  are s h o w n  in 
T a b l e  VII I .
T h e  l o g - N o r m a 1 d i s t r i b u t i o n  best f i t s  the e m p i r i c a l  dat a  
in m o s t  i n s t a n c e s .  P o s s i b l e  r e a s o n s  for the a p p r o p r i a t e n e s s  
of t h i s  d i s t r i b u t i o n  w i l l  be e x a m i n e d  in S e c t i o n  V.
A l t h o u g h  the f o r e g o i n g  
p e r f o r m e d  c o r r e c t l y  t h e r e  w a s  
o m i s s i o n .  In t h e  c o n d u c t  of 
t h a t  s o m e  i n d i v i d u a l s  w o u l d
g o o d n e s s - o f - f i  t 
one m a j o r ,  but 
the e x p e r i m e n t  it 
e i t h e r  not
t e s t s  w e r e  
i n t e n t i o n a l ,  
w a s  l i k e l y  
c o m p l e t e  an
I na s s i g n m e n t  or c o m p l e t e  it u n s u c c e s s f u l l y . e i t h e r  c a s e
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t h e s e  i n d i v i d u a l s  w e r e  e x c l u d e d  f r o m  the s a m p l e s  of R* R , 
Rt a n d  R c in the p r e v i o u s  g o o d n e s s - o f - fit a n a l y s i s  b e c a u s e  
t h e y  d i d  n o t  m e e t  the d e f i n i t i o n  of the r a n d o m  v a r i a b l e s  -
i.e. t h e y  w e r e  not " s u c c e s s f u l l y  c o m p l e t e d ” . The p r e s e n c e  
of t h i s  m u l t i p l e  r a n d o m  c e n s o r i n g  c a u s e s  c o m p l i c a t i o n s  
b e c a u s e  t h e  c e n s o r e d  data do not p r o v i d e  c o m p l e t e  
i n f o r m a t i o n  i.e. t ell us w h e n  the t a s k  wa s  s u c c e s s f u l l y  
c o m p l e t e d .  Y e t  t h e  c e n s o r e d  data do p r o v i d e  p a r t i a l  
i n f o r m a t i o n  w h i c h  is t h a t  up to the p o i n t  of c e n s o r i n g  
s u c c e s s f u l  c o m p l e t i o n  did not t a k e  p l a c e .  To i n c o r p o r a t e  
t h i s  p a r t i a l  i n f o r m a t i o n  a v a i l a b l e  f r o m  the m u l t i p l e  
c e n s o r e d  d a t a  > a n d  t h e r e f o r e  c o n s t r u c t  a m o r e  a c c u r a t e  
m o d e l ,  we c a n  m a k e  u s e  of a p r o c e d u r e 1 o u t l i n e d  by B u r y [11.
Let us d e f i n e  a f u n c t i o n  
c o n s u m p t i o n  r a n d o m  v a r i a b l e s  
I n t e n s i t y  F u n c t i o n ’ or the 
C o m p l e t i o n ’ a n d  d e s i g n a t e  it as 
y i e l d  t h e  c o n d i t i o n a l  p r o b a b i l i t y
of e a c h  of the r e s o u r c e  
c a l l e d  the ’C o m p l e t i o n  
' I n s t a n t a n e o u s  R a t e  of 
v ( r ) 1 2 T h i s  f u n c t i o n  w ill 
of s u c c e s s f u l l y  c o m p l e t i n g
1 T h e  a p p l i c a b i l i t y  of t h i s  a n d  o t h e r  p r o c e d u r e s  f r o m  the 
a r e a  of r e l i a b i l i t y  t h e o r y  is e a s i l y  u n d e r s t o o d  if one
c o n s i d e r s  th e  p a r a l l e l  n a t u r e  of t h a t  t h e o r y  a n d  our
r e s e a r c h .  The p r i n c i p a l  u n k n o w n  r a n d o m  v a r i a b l e  in
r e l i a b i l i t y  t h e o r y  is T I M E  TO F A I L U R E ,  in our r e s e a r c h  the 
u n k n o w n  r a n d o m  v a r i a b l e  is s i m i l a r  but o p p o s i t e ,  q.e. 
R E S O U R C E  U S A G E  TO C O M P L E T I O N .
2 R e m e m b e  r t h a t  t h e  r a n d o m  v a r i a b l e  R is an a b s t r a c t  one
r e p r e s e n t i n g  t h e  a c t u a l  r a n d o m  v a r i a b l e s  R * » R + a n d  R r •
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t h e  p r o g r a m m i n g  t a s k  w i t h  r e s o u r c e  c o n s u m p t i o n  R = r g i v e n  
t h a t  R> = r. Let us d e f i n e  fCr) as the p r o b a b i l i t y  d e n s i t y  
f u n c t i o n  ( p . d . f )  of R an d  FCr) as the c u m u l a t i v e
d i s t r i b u t i o n  f u n c t i o n  ( c . d . f )  of R. C l e a r l y  f ( r ) = P ( R = r )  an d  
F ( r ) = P ( R < = r )  a n d  t h e r e f o r e  t h e  i n s t a n t a n e o u s  r a t e  of 
c o m p l e t i o n  ca n  be o b t a i n e d  by: 
v ( r )= f ( r ) / [ 1  - F ( r) ]
To o b t a i n  t h e  a c t u a l  i n s t a n t a n e o u s  r a t e s  of c o m p l e t i o n  
f r o m  t h e  e m p i r i c a l  d a t a  we wil l  use the f o l l o w i n g .  Let the 
m e a s u r e m e n t  d o m a i n  of t h e  r a n d o m  v a r i a b l e  R be d i v i d e d  into
a d j o i n i n g  i n t e r v a l s Ari » A r 2 » . . . * A r n • D e n o t e the n u m b e r 0 f
o c c u r r e n c e s  in Ar/ as c ( r j ) . The r e l a t  i ve f r e q u e n c y 0 f
o c c u r r e n c e s  of m e a s u r e m e n t s  in Ar 7* , d e n o t e d by V ( r ) , i s
t h e n  t h e  r a t i o  of th e  n u m b e r  of o c c u r r e n c e s  to the s a m p l e  
s i z e ,  i.e. 77( r 7 ) = c ( r 7 )/n ; w h e r e  n i n c l u d e s  b o t h  c o m p l e t e d  
a n d  c e n s o r e d  d a t a  p o i n t s .  S i n c e  t h e o r e t i c a l l y  it is
p o s s i b l e  to o b t a i n  l a r g e r  and l a r g e r  s a m p l e s  w h i l e  
d e c r e a s i n g  the i n t e r v a l  s i z e  s u c h  t h a t  n # A r 7* r e m a i n s  f i n i t e  
t h e n  t h e  r e l a t i v e  f r e q u e n c y  of o b s e r v a t i o n s  per i n t e r v a l  
a p p r o a c h e s  th e  p r o b a b i l i t y  d e n s i t y  of R.
i.e. l i m  77 ( r , ) / A r 7* = f ( r 7 )
n->°°
Ar 7*-»dr
A l i k e  a r g u m e n t  ca n  be f o l l o w e d  to s h o w  that:
2 4
l i m  £ 77 C r ./ ) = FCr/)
n -*<» j = 1
A r 7 -*d r
W e  can n o w  r e s t a t e  the f o r m u l a  for the i n s t a n t a n e o u s  rat e  
of c o m p l e t i o n  u s i n g  the a b o v e  r e s u l t s  as:
v ( r / ) = l i m  t c C r 7* ) / C n # A r 7 )] / [ l - £  c ( r j ) / n l  
n -*» j = 1
Ar i -*d r
If we n o w  o r d e r  all the o b s e r v a t i o n s  a c c o r d i n g  to the 
a m o u n t  of r e s o u r c e  R t h e y  c o n s u m e d  at c o m p l e t i o n  or 
c e n s o r i n g  w e  can t h e n  d e f i n e  t h e  ’C u m u l a t i v e ’ i n s t a n t a n e o u s  
r a t e  of c o m p l e t i o n  as:




V(r,-)= l i m  L t c ( r j ) /  ( n - L  c ( r * ) ) l  [EQ5]
n 3 = 1  k — 1
A r/*>dr
T h e  d e n o m i n a t o r  of t h e  a b o v e  e q u a t i o n  now r e p r e s e n t s  the 
t o t a l  n u m b e r  of n o n - c o m p 1 e t i o n s  just p r i o r  to the r e s o u r c e  
c o n s u m p t i o n  r 7 i n c l u d i n g  t h o s e  data t h a t  w e r e  s u b s e q u e n t l y  
c e n s o r e d .
S i n c e  w e  d e s i r e  th e  d i s t r i b u t i o n  of R > i.e. FCr)# we n e e d  
to e s t a b l i s h  a r e l a t i o n s h i p  b e t w e e n  it a n d  VCr ) .  By
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d e f i n i t i o n  we k n o w  that:
v ( r )= f C r )  / [ l - F ( r ) J
by a s i m p l e  t r a n s f o r m a t i o n  we o b t a i n  th e  f o l l o w i n g :  
v ( r ) = [ d ( F ( r ) ) / d r l  / t l - F ( r ) ]
a n d  t h u s :
v ( r ) dr = d t - L N C 1 - F C  r ) )]
i n t e g r a t i n g  t h e  a b o v e  f r o m  a t r u n c a t i o n  p o i n t  r 0 to r 
y i e l d s :
S i n c e
v ( r ) 
0 :







H e n c e :
FCr) 1 EXP v ( r ) dr
A n d  s i n c e  by d e f i n i t i o n :
V ( r )= v ( r ) dr
r o
t h e n :
F (r ) = 1 - E X P [-V(r ) ] [ E Q 6 ]
S u m m a r i z i n g  th e  a b o v e  we no w  k n o w  that we can d e v e l o p  an 
e m p i r i c a l  c . d . f .  u s i n g  all the a v a i l a b l e  i n f o r m a t i o n  f r o m  
t h e  s a m p l e  by m e a n s  of e q u a t i o n s  5 a n d  6 . It is now
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p o s s i b l e  to t e s t  th e  p o s t u l a t e d  d i s t r i b u t i o n s '  c . d . f ' s  for 
t h e i r  a d e q u a c y  in e x p l a i n i n g  t h i s  e m p i r i c a l  c.d. f . .
A s e r i e s  of n o n - l i n e a r  r e g r e s s i o n  a n a l y s e s  w e r e  p e r f o r m e d  
to d e t e r m i n e  the a d e q u a c y  of the six p o s t u l a t e d  
d i s t r i b u t i o n s ’ c . d . f . ’ s to e x p l a i n  the e m p i r i c a l  c . d . f ' s  of 
t h e  e x p e r i m e n t a l  d a t a  f o r m e d  from e q u a t i o n s  5 and 6 . The 
r e s u l t s  of t h e s e  a n a l y s e s  a r e  sho w n  in T a b l e  IX. S a m p l e  
p l o t s  of t h e  t h e o r e t i c  and e m p i r i c a l  c.d.f. ’s are d i s p l a y e d  
in F i g u r e  4 . O n c e  a g a i n  the L o g - N o r m a l  d i s t r i b u t i o n  a p p e a r s  
to b e s t  e x p l a i n  the e m p i r i c a l  data. The v a l u e s  of the 
p a r a m e t e r s  of t h e  L o g - N o r m a l  d i s t r i b u t i o n s  as d e t e r m i n e d  by 
t h e s e  r e g r e s s i o n  a n a l y s e s  a r e  p r e s e n t e d  in T a b l e  X.
To s t a t i s t i c a l l y  v e r i f y  t h e  s i g n i f i c a n c e  of the t h e o r e t i c  
L o g - N o r m a l  c . d . f .  a s e r i e s  of K o m o l g o r o v  g o o d n e s s - o f - f i t 
t e s t s  w e r e  p e r f o r m e d  u s i n g  the p a r a m e t e r  v a l u e s  f r o m  T a b l e  
X. T h e  r e s u l t s  of t h e s e  t e s t s  are shown in T a b l e  XI a n d  
d e m o n s t r a t e  t h a t  th e  L o g - N o r m a l  d i s t r i b u t i o n  is
s t a t i s t i c a l l y  s i g n i f i c a n t  as a t h e o r e t i c  d i s t r i b u t i o n  for 
t h e  e m p i r i c a l  d a t a .
Up to t h i s  p o i n t  we h a v e  seen only e m p i r i c a l
j u s t i f i c a t i o n  for t h e  a p p l i c a b i l i t y  of the L o g - N o r m a l  
d i s t r i b u t i o n  to t h e  r e s o u r c e  c o n s u m p t i o n  d u r i n g  the
In the n e x t  s e c t i o n  we will p r e s e n t  b o t hp r o g r a m m i n g  p h a s e .
a n
a pp 1
nf o r m a l  a n d  a f o r m a l  a r g u m e n t  to e x p l a i n  wh y  t h i s  
c a b i l i t y  m i g h t  e x i s t .
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EFFORT METER - <»RUNS>
PROGRRM -  <MML>
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EFFORT METER - <CPU-TIME> 
PROGRAM - <RKT>
MIS far,ROM rneoFMcrn:) HISTOGRflM
F I G U R E  2
R a n d o m
S A m p  1 q H 1 A t o g r A m ?  
V a t  I A b l q s  .
o f the R e s o u r c e  C o n s u m p t i o n
r\)
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PROGRRM -  <TRI> EFFORT METERPROGRRM -
- <*RUNS> 
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F I G U R E  3 - P o s t u l a t e d
h i s t o g r a m .  P a r t  1
d i s t r i b u t i o n s  o v e r l a i d  
of 2 p a r t s .
on a s a m p l e
i\)
SO
EFFORT METER - <#RUNS>
PROGRRM - <TRI>
EFFORT METER - <#RUNS>
PROGRAM - <TRI>




E F F O R T  M E T E R  - # R UNS
P G M P O S T U L A T E D  D I S T R I B U T I O N S D T A B
I D S N O R M LN B E T A G A M W E I B M A X F X 2
T R I 3 3 . 6 _ 2  9 . 3 _ 2 4 . 1 = 1 3 . 5 = 2 9 . 6 1 7 . 5 8 1 5 . 5
R K T 3 1 . 1 =  4 . 9 55 9 - 1 _ _ 1 8  * ° _ 1 6 . 9 _ 1 3  . 5 _ 6 1 2 . 6
I N S 2 0 . 5 =  o • 955 =  9.1 = 5  3 . 3 5 =  6 . 8  = 5  2 . 9 5 5 1 1 . 1
S R T 27 . 7 E  2 . 6  = 2 2 . 5 =  6. 0  = _ 1 4 . 2 _ =  6 . 7 = 6 1 2 . 6
M S T 3 0 . 0 = 1 0 . 8 = 1 4 . 8 =  8 . 0  = =  5 . 6  = |  8 . 0 | 5 1 1 . 1
M M  L 1 8 . 1 9 . 7 1 5 . 4 1 2 . 0 1 2 . 8
s  7 ' 5 S
4 9 . 5
E F F O R T  M E T E R  - # H O U R S
PGM POSTULATED DIST RIBUTIONS D TAB
IDS NORM LN BETA GAM WEIB MAX F X 2
TRI 56.6 _2 0 .8 29.8 18.5 4 A . 2 20.0 7 14.1
RKT 33.8 =  5.7 = 31.1 = 1 1 . 5 = 17.0 _1 9 . 3_ 6 12.6
INS 24.8 mm  ̂ SSi 25.2 15.6 17.6 =  7.6 = 4 9 . 5
SRT 22 . 0 mm 9 • 4 J22 21 . 6 12.9 15.9 12.1 5 11.1
MST 25.3 =  5.9 = 26 . 7 13.3 11.2 11.5 3 7.8
MM L 28.4 8.5 24.6 13.4 13.4 11.5 3 7 . 8
T A B L E  V I I I  - R e s u l t s  of the x 2 g o o d n e s s - o f - f i  t t e s t s  for the 
six p o s t u l a t e d  d i s t r i b u t i o n s  w i t h  t h e  r e s o u r c e  u s a g e  
d a t a  (no t  i n c l u d i n g  c e n s o r e d  d a t a  p o i n t s ) .  R e s u l t s  ar e  
in t e r m s  of t h e  c a l c u l a t e d  x 2 v a l u e s .  P a r t  1 of 2 
p a r t s .  S e e  P a r t  2 for l e g e n d .
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E F F O R T  M E T E R  - C P U - T I M E
P G M P O S T U L A T E D  D I S T R I B U T I O N S D TAB
IDS N O R M LN B E T A GAM W E I B M A X F X 2
TRI 27 . 7 =  S . 4 = 28 . 9 1 9 . 8 27 . 7 = 1 4 . 7 = 8 15.5
RKT 2 9 . 2 l 1 0 . 9== 2 2 . 9 _ 1 3 . 5 _ _ 1 5 . 0 _ 6 . i _ 6 1 2 . 6
INS 2 9 . 8 =  2 . 1  = 18.5 =  2.5 = =  7.6 = 5 1 1 . 1
SRT 36.0 5 • 7 “ 2 3 . 2 =  9.7 = =  6.3 = I 1 1 . 6 | 6 1 2 . 6
M S T 2 1 . 6 =  5.2 = 16.8 =  9.2 = 1 2 . 8 =  7.2 = 5 1 1 . 1
M M  L 2 5 . 2 1 A . 3 3 3 . 2 1 2 . 8 17. 3 1 1 . 2 4 9.5
E F F O R T  M E T E R  - C P U - C O S T
P G M P O S T U L A T E D  D I S T R I B U T I O N S D TAB
IDS N O R M LN B E T A GAM W E I B M A X F X 2
TRI 29 . 2 = 1 0 .0= 2 8 . 9 1 8 . 2 2 1 . 0 = 1 3 . 9 = 8 15.5
RKT 55 . 5 =  6 . 4 = 27 . 0 = 1 0 . 1 = 16.9 16.1 6 1 2 . 6
INS 2 4 . 4 =  2 . 9  = =  9.1 = =  4.5 = =  5 . 2 | =  8 . 0  = 5 1 1 . 1
SRT 1 9 . 5 =  4.1 = 18.0 =  6 . 0  = =  9.0 = =  4.9 = 6 1 2 . 6
M S T 16.0 =  7 . 2  = 2 0 . 0 1 1 . 2 18.0 =  8 . 0  = 5 1 1 . 1
MM L 2 6 . 8 9 . 7 2 3 . 4 1 2 . 8 2 0 . 3 1 0 . 1 4 9 . 5
L E G E N D
DF: D e g r e e s  of F r e e d o m .
TAB x2 : T a b u l a t e d  x2 v a l u e s  at the .05 
si gni fi c a n c y  le v e l .
= X X . X = :  A c a l c u l a t e d  x 2 v a l u e  i n d i c a t i n g  t h a t  the 
d i s t r i b u t i o n  is not r e j e c t e d  at t h e  .05 
s i g n i f i c a n c y  le v e l .
T A B L E  V I I I conti nued.
E F F O R T P G M P O S T U L A T E D  D I S T R I B U T I O N S
M E T E R S IDS N O R M L N B E T A GAM W E I B MAX
# R U N S TRI .072 . 037 .06 3 .053 .057 .04 9
RKT . 0 7 A .029 .051 .042 .049 .051
INS .066 . 0 18 .053 . 1 0  1 .0 34 .044
SRT . 0 6 A . 0 2 0 .04 1 .0 32 . 0 38 .041
M S T .059 . 0 37 .040 .046 .0 35 .043
MM L .079 .047 .065 .07 0 . 068 .05 9
# H 0 U R S TRI .071 .0 33 .052 .072 .052 .052
RKT .07 9 .04 1 .066 .053 .062 .056
INS .083 .0 35 . 0 58 .064 .055 .062
SRT . 057 .026 .04 0 .07 9 .041 .04 1
M S T .043 .040 .0 37 .0 93 . 0 38 .039
MM  L .0 91 .056 .076 .06 9 .076 .074
C P U - T I M E TRI .073 .040 .063 .051 .062 .049
RKT .073 . 028 .051 .074 . 048 .15 0
INS .065 .019 . 0 36 .065 .0 36 .043
SRT .054 . 0 2 1 .031 . 083 . 032 .035
M S T .053 . 0 35 . 037 . 080 . 034 .042
MM L .0 96 .060 .076 .07 1 .0 78 .07 4
C P U - C O S T TRI .06 9 .04 0 .055 . 155 .060 .323
RKT .067 .024 .045 .075 .045 .046
INS .064 . 0 2 1 .041 .067 .039 .042
SRT .060 .0 23 .0 36 .090 .0 35 . 038
M S T .049 .043 . 0 37 . 0 58 .0 37 .039
M M  L .070 .049 .06 3 .0 57 .066 .056
T A B L E  IX - R e s u l t s  of the n o n - l i n e a r  r e g r e s s i o n  a n a l y s e s  of 
t h e  p o s t u l a t e d  d i s t r i b u t i o n s ’ C . D . F . ’s a b i l i t y  to 
d e s c r i b e  t h e  e m p i r i c a l l y  d e r i v e d  C . D . F . .  R e s u l t s  are 
in t e r m s  of t h e  s t a n d a r d  e r r o r  of the e s t i m a t e  
( s . e . e . ) .







CURVE IS THE LOG-NORMAL C .D .F . 
EMPIRICALLY DERIVED CDF DATA POINTS
CDF
EFFORT METER - <NRUNS> 
PROGRRM - <TRI>
CURVE IS THE BETA C.D .F. 
EMPIRICALLY DERIVED CDF DATA POINTS C0F CDF
EFFORT METER - <NRUNS> 
PROGRRM - <TRI>
CURVE IS THE GAMMA C.O .F. 
EMPIRICALLY DERIVED CDF ORTA POINTS
F I G U R E  4 - S a m p l e  p l o t s  of the
c . d . f . ’ s a n d  the e m p i r i c a l  c . d . f .  
T h e o r e t i c  p a r a m e t e r s  d e r i v e d  f r o m  
a n a l y s e s .  P a r t  1 of 2 p a r t s .
t h e o r e t i c  d i s t r i b u t i o n s ’ 
f o r m e d  f r o m  all the data, 
the n o n - l i n e a r  r e g r e s s i o n s
CM
CDF CURVE IS THE WEIBULL C .D .F. EMPIRICRLLT DERIVED CDF DflTR POINTS =
EFFORT METER - <NRUNS>
PROGRAM - <TRI>
CDF CDF CURVE IS THE TYPE I EV MAXIMA C .D .F . EMPIRICRLLT DERIVED COF DflTR POINTS =








E F F O R T P G M 02
A S Y M P T O T I C A S Y M P T O T I C
M E T E R IDS 9i STD. E R R O R 02 STD. E R R O R
# R U N S TRI 2 . 4 8 3 .0 17 0 . 5 7 8 . 0 26
RKT 2 . 8 3 1 .0 15 0 . 7 5 9 .025
INS 3 . 285 .009 0 . 8 6 7 .016
SRT 2 . 7 9 5 .009 0 . 7 8 0 .016
M S T 3 . 088 . 0 2 1 0 . 8 6 3 . 034
MM  L 3 . 2 2 4 .019 0 . 6 0 3 .0 36
# H O U R S TRI 1 . 7 5 9 . 024 0 . 7 2 0 . 038
RKT 2 . 4 6 8 .019 0 . 6 1 3 .031
INS 2 . 6 8 3 . 0 2 2 0 . 8 3 4 . 038
SRT 2 . 1 0 5 .016 0 . 7 3 6 . 027
MS T 2 . 5 8 1 . 018 0 . 5 0 4 . 028
M M  L 2 . 8 6 6 .031 0 . 7 3 1 . 056
C P U - C O S T TRI - . 584 . 0 1 1 0 . 5 1 6 .019
RKT 0 . 3 9 7 .009 0 . 7 4 5 .0 15
INS 0 . 9 7 9 .009 0 . 7 9 3 .016
SRT 0 . 1 4 6 .009 0 . 7 7 5 . 0 16
MST 0 . 7 9 5 . 0 2 1 0 . 8 9 7 . 035
MM  L 1 . 1 9 3 .015 0 . 5 4 9 .029
C P U - T I M E TRI 1 . 1 5 0 . 0 1 2 0 . 5 1 6 . 0 2 0
RKT 1 . 8 9 1 . 0 1 1 0 . 782 . 0 2 0
INS 2 . 4 3 6 . 0 08 0 . 8 2 7 .015
SRT 2 . 2 9 3 . 0 08 0 . 8 0 2 .014
MST 2 . 8 6 7 .019 1 . 0 5 7 .0 35
MM  L 2 . 9 0 6 . 0 2 2 0 . 6 6 1 .042
T A B L E  X - P a r a m e t r i c  r e s u l t s  of L o g - N o r m a l  n o n - l i n e a r  
r e g r e s s i o n  a n a l y s i s  of the e m p i r i c a l  c . d . f .  f o r m e d  f r o m  
all d a t a .
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E F F O R T
M E T E R S
PGM
IDS K C A L N K T A B
ft H O U R S TRI .076 53 .187
RKT .076 46 . 2 0 0
INS . 1 1 0 35 . 224
SRT .065 42 . 2 1 0
M S T .099 34 .227
MM L .16 0 32 .234
ft R U N S TRI . 077 56 .183
RKT .073 48 .196
INS .066 41 . 2 1 2
SRT .049 48 . 196
M S T .07 3 4 0 . 2 1 0
MM L .12 9 37 .218
C P U - C O S T TRI .073 56 . 183
RKT .055 48 .196
INS .051 4 1 . 2 1 2
SRT .056 48 . 196
M S T . 088 40 . 2 1 0
MM L . 1 2 0 37 .218
C P U - T I M E TRI .073 56 .183
RKT .068 48 . 196
INS .07 0 4 1 . 2 1 2
SRT . 052 48 .196
MS T .06 3 40 . 2 1 0
MM L .123 37 .218
K C A L  - C a l c u l a t e d  K s t a t i s t i c .
N - S a m p l e  size.
K T A B  - T a b u l a t e d  K s t a t i s t i c  at the a p p r o p r i  a 
d e g r e e s  of f r e e d o m  b a s e d  on N a n d  at th e  
si gni fi c a n c y  l e v e l .
T A B L E  XI - R e s u l t s  of the K o m o l g o r o v  g o o d n e s s -  
of t h e  L o g - N o r m a l  d i s t r i b u t i o n  to the empi 
f o r m e d  f r o m  all the data. In all c a s e s  th 
w a s  no t  r e j e c t e d  at the 0 . 0 5  si gn i f i c a n c y  1
t e 
05
o f - f i t  t e s t s  
r i c a 1 c . d . f .  
e h y p o t h e s i s  
e v e 1 .
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V - R A T I O N A L E  FOR THE L O G - N O R M A L  D I S T R I B U T I O N .
In t h e  p r e v i o u s  s e c t i o n  we h a v e  s h o w n  by e m p i r i c a l  
a n a l y s e s  t h a t  the L o g - N o r m a l  t h e o r e t i c  d i s t r i b u t i o n  is a 
r e a s o n a b l e  one to a d o p t  in our a t t e m p t  to d e s c r i b e  the 
p r o b a b i l i s t i c  b e h a v i o r  of i n d i v i d u a l  r e s o u r c e  c o n s u m p t i o n  
d u r i n g  t h e  p r o g r a m m i n g  p h a s e  of a s o f t w a r e  d e v e l o p m e n t  
p r o c e s s .  S h o r t l y  we will p r e s e n t  a f o r m a l  t h e o r e t i c  
a r g u m e n t  for t h e  a p p l  i cabi 1 i ty of t h i s  d i s t r i b u t i o n  but 
f i r s t  it w i l l  be i n s i g h t f u l  to i n f o r m a l l y  e x a m i n e  t h e  
c h a r a c t e r i s t i c s  of the p o s t u l a t e d  d i s t r i b u t i o n s  to d e t e r m i n e  
w h e t h e r  t h e y  m a t c h  e x p e c t a t i o n s  b a s e d  on our i n t u i t i v e  
u n d e r s t a n d i n g  of the p r o g r a m m i n g  p r o c e s s .
F r o m  our k n o w l e d g  
t h a t  t h e r e  m u s t  ex 
c o n s u m p t i o n  r a n d o m  
d i s t r i b u t i o n s  s u c h  a 
M a x i m a ,  w h i c h  t h e o r e  
a p p l i e d  to our pro 
t r u n c a t i o n  b e l o w  the 
B e t a ,  G a m m a ,  a n d  We 
l o w e r  b o u n d s  at the 
a p p r o p r i a t e  t h e n  t h o s e
e of the p r o g r a m m i n g  
i st a l o w e r  b o u n d  
v a r i a b l e  at R = 0 . 
s the No
t i c a 1 1 y 
c e s s  we 
p o i n t  R 
ibull d i s t r i b u t i o n s  
a p p r o p r i a t e  p o i n t  
that do not.
p r o c e s s  we k n o w  
to the r e s o u r c e  
o r d e r  for 
E x t r e m e  V a l u e  
b o u n d s ,  to be 
an a r t i f i c i a l  
the L o g - N o r m a l  , 
do h a v e  t h e o r e t i c  
m a k i n g  t h e m  m o r e
rmal or T y p e  I
h a v e  no l o w e r
m u s t  i m p o s e  
-0. H o w e v e r ,
Wo a l s o  k n o w  that t h o r o  d o e s not o x i s t  an u p p e r  b o u n d  to
r e s o u r c e  c o n s u m p t i o n ,  at least t h e o r e t i c a l l y .  Of the six 
p o s t u l a t e d  t h e o r e t i c  d i s t r i b u t i o n s  all but the Beta 
d i s t r i b u t i o n  h a v e  no u p p e r  b o u n d s .
I n t u i t i v e l y  we w o u l d  e x p e c t  the d i s t r i b u t i o n  of 
i n d i v i d u a l  r e s o u r c e  c o n s u m p t i o n  to be s u c h  t h a t  t h e r e  a r e  a 
s mall n u m b e r  of h i g h l y  p r o d u c t i v e  i n d i v i d u a l s ,  i.e. 
i n d i v i d u a l s  w h o  use l e s s  r e s o u r c e s ,  a l a r g e r  n u m b e r  of 
i n d i v i d u a l s  wh o  a r e  m o d e r a t e l y  p r o d u c t i v e  an d  a s m a l l  n u m b e r  
of i n d i v i d u a l  wh o  d i s p l a y  low p r o d u c t i v i t y .  In o t h e r  w o r d s  
we w o u l d  e x p e c t  the d i s t r i b u t i o n  to be u n i m o d e l .  All six of 
the p o s t u l a t e d  d i s t r i b u t i o n s  p o s s e s s  the a b i l i t y  to a s s u m e  a 
u n i m o d a l  s h a p e  g i v e n  a p p r o p r i a t e  v a l u e s  for t h e i r  
p a r a m e t e r s .
A n o t h e r  f a c e t  we can e x a m i n e  is t h e  n a t u r e  of the 
C o m p l e t i o n  I n t e n s i t y  F u n c t i o n ,  ( s e e  S e c t i o n  IV). We w o u l d  
e x p e c t  t h a t  as t i m e  or a n y  o t h e r  r e s o u r c e  q u a n t i t y  is 
e x p e n d e d  th e  c h a n c e s  of an i n d i v i d u a l  c o m p l e t i n g  an 
a s s i g n m e n t  c o r r e c t l y ,  g i v e n  t h a t  he has not a l r e a d y  
c o m p l e t e d  it, w o u l d  i n c r e a s e  - up to a p o i n t .  At s ome p o i n t  
in the r e s o u r c e  s p e c t r u m  it s e e m s  n a t u r a l  t hat t his 
c o n d i t i o n a l  p r o b a b i l i t y  s h o u l d  s t a r t  to d e c r e a s e  due to suc h  
f a c t o r s  as f a l l i n g  m o t i v a t i o n ,  g e t t i n g  ’ l o s t ’ on the
a s s i g n m e n t ,  etc. . Of all the p o s t u l a t e d  d i s t r i b u t i o n s  o n l y
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t h e  L o g - n o r m a l  h a s  a C o m p l e t i o n  I n t e n s i t y  F u n c t i o n  w h i c h  is 
n o n - m o n o t o n i c a  1 1 y i n c r e a s i n g .  F i g u r e  5 s h o w s  s o m e  s a m p l e  
C o m p l e t i o n  I n t e n s i t y  f u n c t i o n  p l o t s  b a s e d  on our 
e x p e r i m e n t a l  d a t a  for the six p o s t u l a t e d  d i s t r i b u t i o n s .
T a b l e  XII r e c a p s  the p r e c e d i n g  d i s c u s s i o n  a n d  
d e m o n s t r a t e s  t h a t  as far as i n t u i t i o n  is c o n c e r n e d  the 
L o g - N o r m a l  d i s t r i b u t i o n  o n c e  a g a i n  s e e m s  a p p r o p r i a t e .  W h i l e  
i n t u i t i o n  a l o n e  is o f t e n  m i s l e a d i n g ,  in t h i s  c a s e  it is 
s u p p o r t e d  by t h e  e m p i r i c a l  e v i d e n c e .
It is a p p r o p r i a t e  to m e n t i o n  at t h i s  p o i n t  t h a t  p r i o r  to 
o u r  d a t a  a n a l y s e s  t h e  a u t h o r s  did n o t  e x p e c t  the L o g - N o r m a l  
to be t h e  m o s t  s u i t a b l e  of the p o s t u l a t e d  d i s t r i b u t i o n s .  
W h e n  t h e  e m p i r i c a l  d a t a  c o n v i n c e d  us t hat it w a s  we f e l t  it 
n e c e s s a r y  to a t t e m p t  a t h e o r e t i c  a r g u m e n t  for the L o g - N o r m a l  
d i s t r i b u t i o n  in o r d e r  to b e t t e r  u n d e r s t a n d  i t ’s 
a p p l i c a b i l i t y .  O n c e  a g a i n  we d r e w  u p o n  the d i s c i p l i n e  of 
r e l i a b i l i t y  t h e o r y  to d e v e l o p  a p o s s i b l e  t h e o r e t i c  a r g u m e n t  
f o r  t h e  a p p l i c a b i l i t y  of th e  L o g - N o r m a l  d i s t r i b u t i o n .  The 
f o l l o w i n g  a r g u m e n t  c l o s e l y  f o l l o w s  t hat of Man n ,  et al [73 
w h e r e  it w a s  a p p l i e d  to the a p p l i c a b i l i t y  of the L o g - N o r m a l  
to a f a t i g u e - l i f e  m o d e l .
Th e  c e n t r a l  t h e m e  of o u r  a r g u m e n t  m a y  be s t a t e d  
i n f o r m a l l y  as r e l y i n g  on a ’p r o p o r t i o n a l  e f f e c t s  m o d e l ’ for
th e  ’g r o w t h ’ of a p r o g r a m . T h i s i m p l i e s  that the g r o w t h  of
a p r o g r a m  at e a c h  ’ s t a g e ’ of i t ’ s d e v e l o p m e n t  is r a n d o m l y  
p r o p o r t i o n a l  to i t ’ s d e g r e e  of ’m a t u r a t i o n ’ at t h e  p r e v i o u s  
s t a g e .  The p r o g r a m  s t a r t s  out at s o m e  m i n u t e ,  but n o n - z e r o ,  
d e g r e e  of m a t u r a t i o n  a n d  c o n t i n u e s  to m a t u r e  u n t i l  it 
r e a c h e s  s o m e  p r e d e f i n e d  c o m p l e t i o n  d e g r e e  of m a t u r a t i o n .  
The f o l l o w i n g  is a m o r e  f o r m a l  e x p r e s s i o n  of t h i s  a r g u m e n t .
Let M 0 < M 1 <• • • <M„ he a s e q u e n c e  of r a n d o m  v a r i a b l e s  t h a t  
d e n o t e  th e  d e g r e e  of m a t u r a t i o n  of th e  p r o g r a m  at s u c c e s s i v e  
s t a g e s  of g r o w t h .  The d e g r e e  of m a t u r a t i o n  of a p r o g r a m  can 
be t h o u g h t  of as its p e r c e n t a g e  of c o m p l e t i o n .  A s t a g e  of 
g r o w t h  can be v i e w e d  in m i c r o  t e r m s  u s i n g  the p r i n c i p l e  of 
c o g n i t i v e  p s y c h o l o g y  t h a t  i n f o r m a t i o n  is p r o c e s s e d  in s t a g e s  
[3] .
Let AM,* be the i n c r e m e n t  t h a t  t h e  m a t u r i t y  of t h e  p r o g r a m  
w a s  i n c r e a s e d  by in s t a g e  i, i.e. A M / = M / - M / . 1 . G i v e n  the 
p r o p o r t i o n a l  e f f e c t s  m o d e l  we know:
AM / = p i M / _ x
w h e r e  p /, the c o n s t a n t  of p r o p o r t i o n a l i t y ,  is a r a n d o m  
v a r i a b l e  a s s u m e d  to be i n d e p e n d e n t  of all o t h e r  p j ' s , but 
not n e c e s s a r i l y  w i t h  the s a m e  d i s t r i b u t i o n .
Let M 0 be t h e  p r o g r a m ’ s d e g r e e  of m a t u r a t i o n  at the
b e g i n n i n g  w h i c h  is s o m e  m i n u t e  but n o n - z e r o  v a l u e . T h i s  can
4 2
be t h o u g h t  of as t h e  c o n c e p t u a l  ’s e e d ’ f r o m  w h i c h  t h e  
p r o g r a m  g r o w s .
Let M„ be s o m e  p r e d e f i n e d  d e g r e e  of m a t u r a t i o n  w h i c h  h a s  
b e e n  s p e c i f i e d  to be the a c c e p t a b l e  m i n i m u m  m a t u r i t y  of the 
c o m p l e t e d  p r o g r a m .
T h e n :
Pi = [A M //M  i = 1 >2, . . . ,n
a n d  t h u s :
n n
E P i  = E [A M // M / - x J
i =0 i =0
G i v e n  t h a t  AM ,* can get s m a l l e r  a n d  s m a l l e r  w h i l e  n i n c r e a s e s  
s u c h  t h a t  AM 7* n r e m a i n s  f i n i t e  then:
n fMn
1 i m M •i. n M “ 1 dM = l n ( M „ ) - l n ( M 0 >
AM 7* -»0 
n-*»
i =0 J M o
In(Mn ) = E P i  + 1 n (M ©)
i =1
S i n c e  by a s s u m p t i o n  t h e  p i 's a r e  i n d e p e n d e n t  r a n d o m  
v a r i a b l e s  it f o l l o w s  f r o m  th e  c e n t r a l  l i m i t  t h e o r e m  that: 
n
E P i  ~ NORMAL ( , orx 2 )
i =1
a n d  t h u s :
1n (M n ) - N O R M A L C , c z 2 )
t h e r e f o r e :
4 3
M n - L O G - N O R M A L ( , a 2 2 )
If we  a s s u m e  t h a t  the r e s o u r c e  c o n s u m p t i o n ^ , * ,  at a n y  
s t a g e  is a f u n c t i o n  of the w o r k  p e r f o r m e d :  
i.e. R i = h ( AM ,• )
a n d  f u r t h e r  a s s u m e  t h a t  t h e  f u n c t i o n  h is d i s t r i b u t i o n  
p r e s e r v i n g  t h e n :
R„ - L O G - N O R M A L ( # i , 0 2 )
In s u m m a r y  we h a v e  a r g u e d  t h a t  if we a s s u m e  a 
p r o p o r t i o n a l  e f f e c t s  m o d e l  for the g r o w t h  of a p r o g r a m  a n d  
in a d d i t i o n  a s s u m e  t h a t  r e s o u r c e  u s a g e  is a d i s t r i b u t i o n  
p r e s e r v i n g  f u n c t i o n  of the p r o g r a m  g r o w t h  t h e n  we r e a c h  the 
c o n c l u s i o n  t h a t  the r e s o u r c e  c o n s u m p t i o n  r a n d o m  v a r i a b l e  is 
L o g - N o r m a l .  In t h i s  a r g u m e n t  we h a v e  h a d  to m a k e  a n u m b e r  
of a s s u m p t i o n s  w h i c h  to the a u t h o r s  s e e m  r e a s o n a b l e .
EFFORT METER - <NRUNS> 
PROGRRM - <TRI>
EFFORT METER - <NRUNS> 
PROGRRM - <TRI>
CIF CURVE IS THE LOG-NORMflL C .I .F . CIF
EFFORT METER - <NRUNS> 
PROGRRM - <TRI>
EFFORT METER - <NRUNS> 
PROGRRM - <TRI>
F i g u r e  5 - S a m p l e  C o m p l e t i o n  I n t e n s i t y
p o s t u l a t e d  d i s t r i b u t i o n s .  P a r t  1
F u n c t i o n s  for 
of 2 p a r t s .
the six
-r>
EFFORT METER - <NRUNS>
P R O G R R M  - < T R I >
CIF CURVE IS THE WEiBULL C .I .F .  CIF
F i g u r e  5
EFFORT METER - <NRUNS>
PROGRRM - <TRI>
CIF CURVE IS THE TYPE I EV MAXIMA C .I .F .  CIF
NRUNS
- c o n t i n u e d .
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T A B L E
P O S T U L A T E D  D I S T R I B U T I O N S
C O N D I T I O N S
I I I III
N O R M A L No Y e s N o
L O G - N O R M A L Ye s Y e s Y e s
B E T A Yes No N o
G A M M A Yes Y e s No
T Y P E  I E X T R E M E  V A L U E  M A X I M A No Y e s N o
W E I B U L  L Ye s Y e s N o
I D E A L Y e s Y e s Y e s
C O N D I T I O N S :
I D i s t r i b u t i o n  h a s  a t h e o r e t i c  l o w e r  l i m i t  
at R = 0 .
II D i s t r i b u t i o n  h a s  no t h e o r e t i c  u p p e r  
l i m i t .
III D i s t r i b u t i o n  h a s  a n o n - m o n o t o n i c a 1 1 y 
i n c r e a s i n g  C o m p l e t i o n  I n t e n s i t y
F u n c t i o n .
X I I  - C o m p a r i s o n  of p o s t u l a t e d  d i s t r i b u t i o n s ’ 
c h a r a c t e r i s t i c s  w i t h  t h e  ’ i d e a l ’ .
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VI - C O N C L U S I O N S .
F r o m  the p r e c e d i n g  a n a l y s e s  we b e l i e v e  t h a t  the f o l l o w i n g  
c o n c l u s i o n s  a r e  j u s t i f i e d :
• I n d i v i d u a l  r e s o u r c e  c o n s u m p t i o n  is an o u t c o m e  of a
p r o c e s s  w h i c h  is i n h e r e n t l y  s t o c h a s t i c  and s h o u l d  
be v i e w e d  as a r a n d o m  v a r i a b l e  r a t h e r  t h e n  
d e t e r m i n i  s t i c a l l y .
• The L o g - N o r m a l  d i s t r i b u t i o n  a p p e a r s  to be an
a p p r o p r i a t e  m o d e l  to a d o p t  in o r d e r  to 
e m p i r i c a l l y  d e s c r i b e  t h e  p r o b a b i l i s t i c  b e h a v i o r  
of i n d i v i d u a l  r e s o u r c e  c o n s u m p t i o n  d u r i n g  the 
p r o g r a m m i n g  p h a s e  of s o f t w a r e  d e v e l o p m e n t .
• The L o g - N o r m a l  d i s t r i b u t i o n  p o s s e s s e s
c h a r a c t e r i s t i c s  w h i c h  s e e m  a p p r o p r i a t e  for 
d e s c r i b i n g  r e s o u r c e  u s a g e  d u r i n g  the p r o g r a m m i n g  
p r o c e s s  a n d  in a d d i t i o n  a t h e o r e t i c  a r g u m e n t  can 
be c o n s t r u c t e d  for it w h i c h  d e p e n d s  on r e a s o n a b l e  
a s s u m p t i  ons.
In a d d i t i o n  to the dat a  c o l l e c t e d  for the e x p e r i m e n t  
d e s c r i b e d  in S e c t i o n  II we h a v e  c o l l e c t e d  data f r o m  two 
o t h e r  i d e n t i c a l  e x p e r i m e n t s  w h i c h  we are c u r r e n t l y  
p r o c e s s i n g  to c r o s s - v a l i d a t e  the L o g - N o r m a l  m o d e l .
As w i t h  m a n y  of the e x p e r i m e n t s  c o n d u c t e d  w i t h i n  the a r e a  
of s o f t w a r e  e n g i n e e r i n g ,  our r e s e a r c h  is set in the 
’a c a d e m i c *  e n v i r o n m e n t  a n d  t h e r e f o r e  c a r e  m u s t  be t a k e n  not 
to o v e r - g e n e r a l  i 2 e the o b t a i n e d  r e s u l t s .  Our c o n c l u s i o n s  
n q e d to be v a l i d a t e d  w i t h  p r o f e s s i o n a l  p r o g r a m m e r s  b e f o r e  
t h e y  can be a p p l i e d  w i t h i n  the ’ i n d u s t r i a l *  e n v i r o n m e n t .
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Y e t  u n i v e r s i t y  r e s e a r c h  of t h i s  t y p e  m i g h t  v e r y  l i k e l y  p l a y  
a c r u c i a l  r o l e  in t h e  d e v e l o p m e n t  of p r e d i c t i v e  m o d e l s  s i n c e  
it is i m p r a c t i c a l  to e x p e c t  i n d u s t r i e s  to ’r e p e a t ’ a task.
Our r e s e a r c h  has c o n c e n t r a t e d  on s m a l l  p r o g r a m s  ( l e s s  
t h a n  500 l i n e s  of c o d e )  b e c a u s e  of o u r  e n v i r o n m e n t .  H o w e v e r  
it s h o u l d  be n o t e d  t h a t  o v e r  6 0 %  of t h e  ’r e a l  w o r l d ’ 
p r o g r a m s  fall into t h i s  c a t e g o r y  [61.
The o b v i o u s  f o l l o w - u p  to th e  r e s e a r c h  p r e s e n t e d  in t h i s  
p a p e r  is an a t t e m p t  to p r e d i c t  th e  p a r a m e t e r s  of the 
L o g - N o r m a l  d i s t r i b u t i o n  b a s e d  on s o m e  m e a s u r e m e n t  of the 
a s s i g n m e n t  s p e c i f i c a t i o n .  The a u t h o r s  a r e  c u r r e n t l y  
i n v e s t i g a t i n g  t h i s  t o p i c  w i t h  v e r y  p r o m i s i n g  p r e l i m i n a r y
r e s u l t s ! I D  ] .
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A P P E N D I X  A - P . D . F . fs, C . D . F . ’ 5 , a n d  P a r a m e t e r  P o i n t  
E s t i m a t i o n  T e c h n i q u e s  for the P o s t u l a t e d
D i s t r i b u t i o n s .
1 . N o r m a l  Pi s t r i b u t i o n :
Ca) P r o b a b i l i t y  d e n s i t y  f u n c t i o n  ( p . d . f . )
f ( x ; 0 1 , e 2 ) = t ^ 2 ^ 2 j r ] - 1 E X P [ - . 5 ( ( x - a 1 ) / ^ 2 ) 2 3
w h e r e :  0 < x , G i > G 2
(b) C u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n  ( c . d . f . )
F( x ; , 0 2 ) = [</2rc3 ~ 1 [ ( 0 2 ) ~ 1 E X P [ - . 5 ( ( x - 0 x ) / G 2 ) 2 3 dx
J 0
(c) M a x i m u m  l i k e l i h o o d  p a r a m e t e r  p o i n t  e s t i m a t o r s
a  n
£ j = n " 1 L X i 
i =1
a  r  n a  n 1/2
# 2 = |̂( n- 1 ) ~ 1 £ ( X / - 0 !  ) 2 J
2. L o g - N o r m a l  D i s t r i b u t i o n :
(a) P r o b a b i l i t y  d e n s i t y  f u n c t i o n  ( p . d . f . )
f(x; G 1 t G 2 ) = I x 0 2%/2 rr) “ 1 EXP [ - .5( ( l n ( x ) - # i  ) / 0 2 ) 2 3 
w h e r e :  0 < x > G 2 - 00 < 6  \ < + 00
(b) C u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n  ( c . d . f . )
F ( x ; #1 , G 2 ) = l G 2%/2 tz] ~ 1 [ ( x ) " 1 E X P C - . 5 ( ( l n ( x ) - ^ 1 ) / ^ 2 ) 2 3dx
J 0
(c) M a x i m u m  l i k e l i h o o d  p a r a m e t e r  p o i n t  e s t i m a t o r s
a  n




9 2 [C n-1 ) n -) 1 / 2E C l n ( x ) - # i 3 2i =1 J
3. G a m m a  D i s t r i b u t i o n :
(a) P r o b a b i l i t y  d e n s i t y  f u n c t i o n  ( p . d . f . )
0 2 - 1
f ( x ; O 1 , 0 2 ) = C 0 1 r ( ^ 2 ) ] - 1 ( x / 0 1 ) E X P [ - x / 9 i ]
w h e r e : 0 < x > 9 1 ,9 2
r is the g a m m a  f u n c t i o n .
(b) C u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n  ( c . d . f . )
rx 0 2 -l
F ( x ;9 X , 0 2 ) = [T ( 9 2 )3 - 1 ( x / 0 x ) E X P C - x / 9 x 3 ( 9 X )- 1dx
J 0
(c) M a x i m u m  L i k e l i h o o d  p a r a m e t e r  p o i n t  e s t i m a t o r s
a  r  n n a
9 1 = |̂ n ~ 1 E X,J / 9 2
T h e  e s t i m a t e  for 9 2 is f o u n d  by i n v e r s e  i n t e r p o l a t i o n  
of the f o l l o w i n g  e q u a t i o n  u s i n g  the m o m e n t  e s t i m a t o r  
of 9 2 as a s t a r t i n g  v a l u e .
a  a  n n 1 /n
1 n ( #2 ) - ^ ( 0 2 > " ln[ ( n - 1 E  X , ) / (II X 7- )3 = 0
i = 1 i = 1
w h e r e  t h e  m o m e n t  e s t i m a t o r  for 9 2 is:
n n n
9 2 = [ n " 1 E X 3 / [ ( n - 1 ) " 1 E ( X ,• - [ n ’ 1 E X , 3 ) 2 3
i=l i=l i=l
a n d  is the d i g a m m a  f u n c t i o n .
4. B e t a  D i s t r i b u t i o n :
(a) P r o b a b i l i t y  d e n s i t y  f u n c t i o n  ( p . d . f . )
03-1 9* - 1
f ( X t 9 I 9 9 2 / 9 3 t 9 4 ) ] ~ 1 (2 ) ( 1 - 2 ) [ 9 2 - 9 X 3 • 1
w h e r e : B (9 Z ,9 A ) = P ( 9 Z )TC 9 A ) / r (9 z+ 9 A )
2 = ( x - 9 l ) / ( 9 2 - 9 x )
9 i < x < 9 2 0 <= 9 1 < 9 2 0 < 9 Z , 9 A
(b) C u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n  ( c . d . f . )
r2 ^ 3 - 1  9 A - 1
F ( x ; 9 X , 9 2 > B Z , 9 A ) = [ B ( 9 , , 9 *  )3 - 1 ( 2 ) ( I - 2 ) d 2
J 0
(c) M a x i m u m  l i k e l i h o o d  p a r a m e t e r  p o i n t  e s t i m a t o r s
A
9 j = 0
It is e s p e c i a l l y  d i f f i c u l t  to d e v e l o p  an e s t i m a t o r  
9 2  s i n c e  o u r  p r o c e s s  ha s  no t h e o r e t i c  u p p e r  l i m i t ,  
d i s c u s s i o n  in S e c t i o n  V. For our p u r p o s e s  we w i l l  
the f o l l o w i n g  ad hoc e s t i m a t o r s :
A
9 2 = M a x ( X x , X 2 , . . . , X n )+l if X is d i s c r e t e .
A
9 2 = C E I L I  M a x (X 1 ,X 2 > • • • >X „ )] if X is c o n t i n u o u s .
T h e  e s t i m a t e s  for £3 a n d  9 A m u s t  be f o u n d  by 
i t e r a t i v e  p r o c e d u r e  u s i n g  the f o l l o w i n g  two e q u a t i  
w i t h  the m o m e n t  e s t i m a t o r s  as s t a r t i n g  v a l u e s .
a  a  a  rn 1 /n
ty{9 z ) ' y i 9 z + G A ) = In n Zi
H  =1
a  a  a  rn 1 /n
ty(9A ) - tyt9z + 9 A ) " In n (1-2/)
Li =1
w h e r e  the m o m e n t  e s t i m a t o r s  for 9 Z a n d  G A are:
©3 = [ ( X ) 2 - X M 2 ] / [ M i - ( X ) i ]







a n d X = the s a m p l e  a v e r a g e ,  
n
M 2 = n " 1 £ ( X 7- ) 2
i =1
T v  p  e  i  E x t r e m e  V a l u e  M a x i  m a  P i  s t r  i b u t i  o n :
(a) P r o b a b i l i t y  d e n s i t y  f u n c t i o n  ( p . d . f . )
f ( x ;9 X ,92 ) = (9 2 )- 1EXP[- z - E X P ( - z) ]
w h e r e :  z = ( x - ^ i ) / ^ 2
0 < x , 9 X <« 0 < 0 2
(b) C u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n  ( c . d . f . )
F C x ; 0 i , O 2 ) = E X P E - E X P ( - z ) J
(c) M a x i m u m  l i k e l i h o o d  p a r a m e t e r  p o i n t  e s t i m a t o r s
a  a  n a
9 X = - f i n i n ' 1!  E X P ( - x 7 / 0 2 ) J 
i =1
The e s t i m a t e  for 9 2 m u s t  be f o u n d  by 
i n t e r p o l a t i o n  of th e  f o l l o w i n g  e q u a t i o n  usi 
m o m e n t  e s t i m a t o r  as the s t a r t i n g  v a l u e .
a  _  n A n  a
9 2 - X + r £  x 7 E X P ( - x 7 / 0 2 ) H I  E X P ( - x 7* / # 2 ) 3 ~ 1 = 0 
i =1 i =1
w h e r e  t h e  m o m e n t  e s t i m a t o r  for 9 2 is:
9 2 = .7 7 97 a x
a n d  a x is the s t a n d a r d  d e v i a t i o n  of th e  s a m p l e
i»Jei b u l l  Pi s t r i b u t i  on:
(a) P r o b a b i l i t y  d e n s i t y  f u n c t i o n  ( p . d . f . )
9 2 — 1 6? 2
f (x; e1, e 2 ) = ( ez/e1 Mx / S i ) E X P i - ( x / e , >  ]
w h e r e :  0 < x »6?i > 6 2
i n v e r s e 
n g t h e
( b )  C u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n  ( c . d . f . )
5 4
F( x ;,0 i ,02 )= 1- EX P [ - C x / 9 i ) ]
Cc) M a x i m u m  l i k e l i h o o d  p a r a m e t e r  p o i n t  e s t i m a t o r s
02
A l / 0 2
A n e2
01 = n' 1 E (x i >
i =1 •
T h e e s t i m a t e for 02 m u s t be f o u n d  by
i n t e r p o l a t  ion of the f o l l o w i  n g e q u a  t ion .
A A - 1
r 02 i  r n ®2*11 n
k  x i 1 n ( x ,•) E xy “ ( 0 2 ) ~ 1 = n ~ 1 E I n C x y )
H  = 1 J Li  == 1 J1 i =1
i n v e r s e
